Abstract. This paper summarizes and presents the most important results from a research project on FE simulation of hemming carried out at Volvo Cars Body Components and Chalmers University of Technology. In the automotive industry, hemming is used to join two sheet metal panels by bending the flange of the outer panel over the inner one. The final goal of the project was to simulate all of the hemming steps of production parts. In order to make threedimensional simulations of hemming possible within reasonable simulation times, it is necessary to use shell elements and not solid elements. On the other hand, the radius of curvature of the outer part in the folded area is very small, normally of the same order of magnitude as the sheet thickness. This fact raises the question if shell elements are applicable in FE simulation of hemming. One part of the project was therefore a thorough investigation of the order of magnitude of the errors resulting from the use of shell elements in FE simulation of hemming. Another part of the project was devoted to three-dimensional simulations of the hemming of an automotive hood. The influence on the rollin from several parameters, such as shell element formulation, adhesives, and anisotropy was studied. Finally, results from a forming simulation were also mapped to the flanging and hemming models in order to study the influence from the stamping of the outer panel on the roll-in.
INTRODUCTION
There is a strong demand in the automotive industry today to develop new products in a shorter time and at lower cost. A way to facilitate this is to carry out simulations of manufacturing processes in early stages of car projects, to assure that the process chosen will work in production. During the past ten years, simulations of sheet metal forming with explicit FE methods have grown rapidly, and today they are commonly used in the automotive industry. The results show good agreement with practical tests. Together with parallel computing, it is now possible to get results fast, even for very large FE models.
Since sheet metal forming is just one of many processes used in the manufacturing of automotive body parts, it is also of interest to simulate other processes. This paper deals with simulations of hemming, which is a method used to join two sheet metal panels by bending the flange of the outer panel over the inner panel. Therefore, hemming is considered by many people to be a joining method. Nevertheless, as hemming also has many properties in common with sheet metal forming, knowledge gained in research on sheet metal forming can also be applied to hemming and vice versa. The method is described in Atzema et al. [1] , Livatyali et al. [2] , Svensson [3] and Sigvant [11] .
Hemming is used mainly for assembly of closures in automotive bodies. The advantage of this assembly method is that it gives a neat and compact joint. Such a joint is not as strong as a welded joint, but it is possible to combine hemming with other assembly methods, for instance adhesive bonding, to increase its strength.
Although there are different ways to make a hem, all of the methods have in common that the hemming operation is performed in two steps. First, the flange of the outer panel is bent down to an angle of approximately 45º from the visible surface, the prehemming operation, and in a second step the flange of the outer part is bent down to the final position, the final hemming.
There are several defects associated with the hemming operation. The work presented in this paper concentrates on predicting the reduction in size of the outer panel during the operation, known as roll-in. This reduction in size has to be compensated for in the flange die for the outer panel, to get an assembled part with the correct dimensions.
PRESENTATION OF THE WORK
The work presented in this paper is divided in two studies, one considering a two-dimensional approach, and one considering three-dimensional hemming. The two-dimensional one studies hemming of a flat test panel with a straight flange, while the three dimensional one analyses hemming of the hood of the previous Volvo 70-series.
The Two-Dimensional Study
The purpose of this study was to investigate the order of magnitude of the errors resulting from the use of shell elements in FE simulation of hemming. The study involves the hemming of a 290 mm long test panel, used at Volvo Cars Body Components to evaluate both new hemming methods and new materials. Four different materials are used in the study; DC06, ZStE220P, ZstE260 and AA6016. Furthermore, four different set-ups of the hemming unit was studied.
The hemming experiments were performed by means of a bi-axial MTS machine located at Chalmers University of Technology, see Figure 1 . Pre-and final hemming are done with two kinds of test equipment. Common for both types is a plate with three clamps, an adjustable support, and two guiding pins. The test panels are clamped to the plate during the experiment. The plate is then mounted on top of either of two shelves depending on whether pre-or final hemming is to be performed. The pre-hemming shelf has an inclination of 30°, giving an angle of attack of 30°, while the final hemming shelf is horizontal. The tip of the pre-hemming steel has a radius of 1.5 mm and can be adjusted so that different strike heights can be tested. The angle of the flange after pre-hemming is adjusted by altering the maximum displacement of the horizontal cylinder. The final hemming steel is a flat surface. During the experiments both roll-in and forces are measured continuously. Furthermore, all panels are measured before and after each operation in three sections in a CMM. 
The Three-Dimensional Study
The purpose of this study was to verify that it is possible to predict all of the roll-in for a part. Therefore, all parts used in this study are manufactured with production dies, and assembled in the production line. Twenty hoods were used in this study, of which ten were made with adhesives and ten without. To join the outer and the inner parts before the first measurements, five hoods of each type were hemmed completely at the front and rear edges, while the other five were completely hemmed along the sides. The parts that were hemmed at the front and rear edges were then used for measurements on the sides. Similarly, the parts that were hemmed on the sides were used for measurements at front and rear edges.
The parts were measured after each operation, i.e. after joining, after pre hemming, and after final hemming. During the measurements the hoods were placed in an inspection fixture, the same as the one used for inspecting the outer panel in production, and the experimental results were obtained with a CMM. The accuracy of these measurements in this study is ±0.05 mm.
THE FE-MODELS
All flanging and hemming FE-models used in the project have several common features. All the simulations were performed with the explicit software LS-DYNA. In order to reduce the simulation time, all tooling surfaces modelled by shell elements were given rigid properties. The speed of each tool was also increased compared to reality. Furthermore, mass scaling was also used to further reduce simulation time.
The Two-Dimensional Models
The FE model represents the centre cross section of the test panel with plane strain boundary conditions. The deformable parts, i.e. the outer and the inner panel, are modelled using either fully integrated, first order shell elements with five integration points through the thickness or first order, 8-node, hexahedron solid elements with eight integration points.
The outer part has an adaptive mesh with both shell and solid elements. In the shell element model the free nodes are constrained to the midpoints along the edges of the neighbouring larger elements. In the solid element model the free nodes in the mesh are constrained to the surface of the neighbouring larger elements.
The Hill '48 material model is used for steel grades, and the Barlat and Lian model for the aluminium in the shell element model. The solid model uses an implementation of the Barlat '91 material model assuming plane strain conditions.
The Three-Dimensional Model
The hood, see Figure 2 , was assumed to be symmetrical. Consequently, only one half of the hood was modelled with symmetric boundary conditions on the symmetry plane. The FE-analyses were divided in two separate FE models, the first FE model simulated the flanging of the outer panel, while the second one simulated all hemming of the hood. The final geometry, stresses, and effective plastic strain in the outer panel after flanging were transferred from the first model and entered as input to the second one. The surfaces of the FE models were based on the CAD data of the outer and the inner panels, the flange dies, and the hemming equipment. These FE models were then modified so that the geometries of the panels in the simulation were the same as in the corresponding experiments. The roll-in was measured both after prehemming and after final hemming. The simulation results were finally compared with those from the corresponding experiments. 
RESULTS
The results presented below are only the most important ones. More information about the project and the results from the studies can be found in Sigvant [11] .
The Two-Dimensional Study
The presentation in this paper will focus on the mild steel results, but the conclusions are similar for the other three grades, unless anything else is stated. Figure 3 shows the calculated roll-in from solid elements and shell elements, together with the CMM measurements for the mild steel. The numerical results, from both solid and shell elements, show good agreement with experimental results. Generally, the agreement is better after pre-hemming than after final hemming. Furthermore, the divergence between shell and solid element results is generally very small after pre-hemming, but somewhat larger after final hemming. Finally, the influence of the m-exponent in the Barlat '91 material model, on the roll-in is small. Experimental results Solid elements, m=2 Solid elements, m=6 Shell elements FIGURE 3. Roll-in after both pre-and final hemming with solid and shell elements together with CMM measurements for the mild steel. The pre-hemming forces in Case 3 are presented in Figure 4 and the final hemming forces are presented in Figure 5 . There is a marked difference between the deforming forces, i.e. horisontal forces during prehemming and vertical forces during final hemming, calculated with solid and shell elements. The solid elements yield the highest force. The explenation can either be that shell elements are used here in an application that is beyond the limits for the shell theory, or that the fully integrated solid elements are too stiff, which means that they yield forces that are too large. Clearly, the element type has a greater influence on the calculated forces than on the roll-in.
The simulations also underestimate the forces in comparison with the experimental ones. This can be explained by problems with the measuring equipment and technique. It is a difficult task to accurately measure forces during the experiments: for instance, the force gauges are subjected to bending moments during the experiments, which are not accounted for.
The study also showed that the supporting forces, i.e. the vertical force during pre-hemming, and the horizontal force during final hemming, are largely influenced by the friction conditions during these operations. These results could therefore indicate that the assumption of constant friction coefficients during the hemming operations is too crude. Numerical tests with different friction coefficients in different areas of the hemming steel improved the accuracy of the simulations, which underlines the conclusion above. An interesting observation was that the agreement between the calculated and experimental vertical force curves during pre-hemming for the aluminium alloy were excellent.
Finally, the study showed that the deforming forces are determined by the mechanical properties of the material. The difference between simulated forces and measured forces could therefore also indicate that the tensile test data are incorrect and/or the constitutive model cannot accurately model the material behaviour is this application. The m exponent in the material model, has also a strong influence on the horizontal forces in pre-hemming, and this underlines the conclusion above.
The Three-Dimensional Study
The two tested versions of LS-DYNA, the serial and the MPP version, give almost identical roll-in and hemming forces. Consequently, the MPP version can be used for these simulations. Without the possibility of parallel processing, the computation time would be devastating.
Four underintegrated shell elements were tested in order to determine which one was preferable. No major differences in results were obtained with initial tensile test data. But in a model with a uniformly prestrained outer panel the flange along the side showed large wrinkles during pre-hemming with the Belytschko-Leviathan element, see Figure 6 . This was a problem since no wrinkles were observed after prehemming in the experiments. On the other hand, the same model using fully integrated elements displayed no wrinkles. Similar results, i.e. wrinkles with underintegrated elements and no wrinkles with fully integrated elements, has also been observed when simulating the hemming of aluminium panels. Based on these results the fully integrated element was used for the rest of this study. A model with planar anisotropy improved the accuracy of the FE results for some cross sections in comparison with a model with normal anisotropy. This indicates that a material model with full anisotropy should be used in three-dimensional simulations of hemming.
The effects on roll-in of the adhesives between the panels were modelled with a smaller friction coefficient for the contacts between the two parts. The roll-in in the simulations was almost unaffected by this modification, but the experimental results showed a dissimilar influence of the adhesives in different areas. When adhesives were included the agreement between simulation and experimental results was better along the sides of the hood, but were poorer at the rear edge. Since the adhesives function as a lubricant between the parts, and also reinforce the complete part, the experimental results from hoods with adhesives are probably more reliable than those from ones without them.
It was also considered to be of great interest to investigate the effects of including the real strain distribution after forming. To do this, the first stamping operation of the outer panel was simulated with the implicit FE code AUTOFORM. Thereafter, the sheet thickness and effective plastic strain after forming were mapped from the AUTOFORM result file to the mesh used for flanging and hemming simulation in LS-DYNA. The results after final hemming of the side are presented in Figure 7 The results from this simulation show that the agreement between the results from the FE model, taking the preceding sheet metal forming into account, and the experimental results is good along the sides and acceptable at the rear edge. It is also evident that the difference between these results and the previous ones is small. The only exception is at the rear edge, where the new results show a little better agreement with experiments than the previous ones. Nevertheless, these results are encouraging, and it would be interesting to continue this work with other parts to investigate the effects of the forming process on the roll-in. For certain shapes of panels and/or certain sheet materials, e.g. aluminium, the influence from stamping can be large.
CONCLUSIONS
The predicted roll-in, after both pre-and final hemming, modelled with solid and shell elements, was almost identical for all four materials in the twodimensional study. Furthermore, the agreement between predicted roll-in from the FE simulations and measured roll-in from experiments was generally good. Surprisingly, for the mild steel the accuracy of the results from shell elements was a bit higher than that from the solid and plane strain elements.
There was a deviation between the predicted forces for solid and shell elements, respectively. This deviation can maybe be attributed to the fact that, due to the high curvature/thickness ratio, shell elements are used beyond its theoretical range of applicability. The study also showed that friction mainly influences the supporting forces and that the friction conditions are very complecated. An interesting observation is, though, that the differences in results are much more pronounced for forces than for roll-in.
The conclusion drawn from all the results in this project is that shell elements in combination with a plane stress material model can be used, with acceptable accuracy, for the simulation of hemming of anisotropic materials, even though all conditions for the shell theory to be valid are not fulfilled. This way of modelling the problem has major advantages, such as shorter simulation times and smaller model sizes.
Mapping the results from the forming of the outer panel to the mesh in the FE-models for the flanging and hemming simulations was done in the threedimensional study. The roll-in in this simulation showed acceptable agreement with experimental results, and the conclusion drawn is, therefore, that it is possible to simulate all steps in the manufacturing of closures. In fact, the overall accuracy of the threedimensional simulation results is judged to be good enough to motivate the use of numerical simulations as an efficient, industrial tool to predict roll-in for the hemming of real production parts. Including the influence of the preceding stamping operations has further improved the accuracy of this technique.
The final result from this project is a technique for simulating all hemming steps of a closure to an automotive body. Nevertheless, further research and development is recommended in order to make it easier and faster to perform the hemming simulation and to further improve the accuracy. It would also be interesting to develop similar methods for other types of hemming than tabletop hemming, which was the method used in the current work. An example of a new hemming method that should be interesting to simulate is robot hemming. In this method, the hemming tool is displaced along the edge of the part by a robot.
